Herein, chitosan (CS) impregnated with nanoparticles of zero-valent iron (NZVI) was fabricated onto a magnetic composite of CS@NZVI as an adsorbent for cadmium (Cd 2þ ) removal from aqueous solution.
INTRODUCTION
Heavy metals are highly toxic and hazardous elements that have a high atomic weight and a density at least 5 times greater than that of water. They are widely used in industrial, domestic, agricultural, medical and technological applications, which has led to their continuous release into the environment. Due to their high degree of toxicity, arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb) and mercury (Hg) rank among the priority metals that are of public health significance (Jaafarzadeh et al. ; Begum et al. ) . Cadmium (Cd 2þ ) is one of the most dangerous pollutants that is released into the environment, mainly via industrial applications such as phosphate fertilizers, batteries, electroplating industries, mining, metal production, stabilizers and alloys and the manufacturing of pigments. It has been classi- However, most of these adsorbents showed a relatively low adsorption capacity for Cd 2þ under the optimum operation conditions. In addition, some operational problems such as resultant turbidity in the treated water or effluent, and consequently the need to filter or centrifuge, have limited the application of these adsorbents, particularly nanosized adsorbents. Magnetic nanoparticles (e.g. NZVI, Among magnetic nanoparticles, NZVI has been applied recently for in-situ and ex-situ remediation, due to being non-toxic and inexpensive (Esfahani et al. a) .
NZVI, due to its extremely small particle size, large specific surface area and greater reactive sites and capacity, is notable for this purpose in wastewater treatment to remove heavy metals with a higher efficiency (Esfahani et al. b) . Moreover, the magnetic properties of NZVI facilitate the rapid separation of nano iron from soil and water via a magnetic field (Babaei et al. a) . However, there is a strong tendency of NZVI particles to agglomerate as well as to become oxidized, resulting in a reduction in surface area, reactivity and removal efficiency (Babaei et al. a) . An effective approach to overcome this problem is to incorporate NZVI into a porous supporting material. Recent studies have reported that NZVI particles can be coated with CS (a protective polymer due to its outstanding chelation behavior) to increase its dispersibility and stability (Liu et al. ) . Furthermore, these supports can facilitate the separation of NZVI particles from aqueous solutions.
Herein, we hypothesize that NZVI particle impregnation on the CS surface combines the synergistic effects of NZVI and CS, which may have a superbly enhanced adsorption activity as well as easy separation. The present study therefore aimed to synthesize CS@NZVI using a liquid phase method. The influence of operating parameters in the adsorptive removal of Cd 2þ was evaluated in details in a batch system. Isothermic and kinetic studies were also carried out under optimum conditions. Finally, the regeneration and reusability of the composite were indeed evaluated for three consecutive cycles.
MATERIALS AND METHODS

Materials and chemicals
All chemicals were of analytical laboratory grade and used without further purification. Sodium borohydride (NaBH 4 ) was purchased from Sigma-Aldrich. Cadmium nitrate tetrahydrate (Cd(NO 3 ) 2 .4H 2 O, Merck, Co) was used for preparing the stock solutions of Cd 2þ according to the ASTM D3557-12 (ASTM ) procedure. The pH of the solutions was adjusted by adding 0.1 M hydrochloric acid (HCl) and sodium hydroxide (NaOH) solutions. All the reagents were prepared with de-ionized water (DI-water) and kept in a refrigerator at 4 W C prior to experiments.
CS preparation
In this work, CS was prepared from shrimp shell wastes, which is available in abundance in southern parts of Iran. It was obtained from chitin according to the method reported in the literature with some modifications (Brown ).
Initially, in order to improve the purity of shrimp shells, they were washed with DI-water and dried, then ground and passed through a size 50 mesh. (Westergren ) . Afterwards, the obtained chitin was deacetylated using a 50% NaOH (1:5 w/v) solution at boiling temperature for 8 h. After de-acetylation, the produced CS was washed with DI-water until the pH reached 7, and dried in an oven at 60 W C for 24 h. Thereafter, it was weighed and the CS yield was determined using Equation (2), and assayed for degree of de-acetylation. One of the easiest ways to detect CS production is dissolving in a weak acid solution as an indicator test (Westergren ; Brown ) . 
Characterization of CS@NZVI
In order to determine the CS degree of acetylation, the elemental composition was analyzed using a COSTECH The amount of the Cd 2þ adsorbed on CS@NZVI, q e (i. e. adsorption capacity, mg/g), and the removal efficiency were calculated using the following equations:
where C 
).
In the CS@NZVI spectrum after adsorption, a significant reduction of absorption in this spectral area can be attributed to the formation of CS À Fe bonds. All the aforementioned peaks were also observed in the 'after adsorption' FTIR spectra with notable changes. These functional groups may form surface complexes with Cd 2þ and thus can increase the specific adsorption of Cd 2þ by CS@NZVI. As shown in Figure 1 (c) and 1(d) and 
Influence of initial solution pH
The pH of the solution, affecting the surface functional groups of the adsorbent and adsorbate, is one of the most influential parameters of the adsorption process. The dominant forms of heavy metals in aqueous solution were also affected by pH (Kakavandi et al. b) . It has been previously reported that the efficiency of heavy metals adsorption is highly dependent on the initial pH of the solution. Similar results were also observed in our work, which are illustrated in Figure 2 . As can be seen, Cd 
Influence of adsorbent dosage
The dosage of CS@NZVI as a factor influencing the adsorption of Cd 2þ was also investigated. It was examined in the range of 0.2-0.7 g/L at this condition: 10 mg/L of Cd 2þ over 90 min at pH 7.0 ± 0.2. As shown in Figure 3 
Influence of initial Cd 2þ concentration
The effect of initial concentrations of Cd 2þ on its removal efficiency by CS@NZVI in the range of 10-300 mg/L is shown in Figure 3 
Influence of contact time and adsorption kinetics
The effect of contact time and adsorption kinetics were studied at a period of 3 h under optimum conditions (i.e. pH of 7.0 ± 02 and 0.6 g/L of CS@NZVI) for 10 mg/L Cd 2þ . As shown in Figure 4 (a), the adsorption capacity of Cd 2þ increased rapidly during the first 60 min and then reached the equilibrium point after 90 min. It was observed that the rate of Cd 2þ adsorption onto CS@NZVI was initially fast; then, the rate slowed down gradually until the equilibrium was reached, beyond which no further adsorption could be observed. Thereafter, 90 min was selected for the future experiments as the equilibrium time. The rapid increase of the adsorption capacity in the initial stages might be due to the availability of a large number of vacant sites that become saturated over time (Kakavandi et al. ) . With further increasing time, the availability of the Cd 2þ ions to unoccupied active sites on the surface of the adsorbent diminished; and these sites ultimately become saturated when the process reaches its equilibrium state. The adsorption equilibrium is the point at which the concentration of the adsorbate in the bulk solution is in a dynamic balance with that of the interface (Kakavandi et al. b) .
In Table 2 , the values of the kinetic model parameters of Cd 2þ adsorption onto CS@NZVI are listed. In this study, we used four widely used kinetic models: pseudo-first-order, pseudo-second-order, Elovich, and intraparticle diffusion models to estimate overall sorption rates. Further details of these models (i.e. equations and parameters) are given in the supplementary data, Table S1 (available with the online version of this paper). The correlation coefficients were found to be less than 0.96, 0.85 and 0.67 for the Other models (i.e. pseudo-first-order, Elovich and intraparticle diffusion) present lower R 2 values, indicating that these models could not properly fit the experimental kinetic data. Based on the results, it was found that the intraparticle diffusion model plays a less significant role in the adsorption process. According to Table 2 , for intraparticle diffusion the y-intercept (C i ) is not zero, illustrating that the intraparticle diffusion is part of the adsorption but not the only rate-controlling step in this process, as reported previously by Boparai et al. () . Therefore, it can be stated that other mechanisms (i.e. complexes or ion-exchange) could also control the rate of the adsorption of Cd 2þ on CS@NZVI.
Adsorption equilibrium and isotherm study
In this study, Langmuir, Freundlich, Temkin and DubininRadushkevich (D-R) equilibrium as the four most common isotherm models were employed to predict the behavior of Cd 2þ adsorption onto the CS@NZVI surfaces. The equations and corresponding parameters of the aforementioned models are represented in Table S1 . The adsorption isotherm experiments were conducted using 10 to 300 mg/L Cd 2þ under the optimum conditions (i.e. pH 7.0 ± 0.2, 0.6 g/L adsorbent and 90 min contact time) at 25 ± 1 W C. Table 1 shows the Table 2 , the values for the dimensionless separation par- The maximum adsorption capacity, q m , of the CS@NZVI was compared with the other adsorbents (see Table 3 ). It is worth mentioning that the CS@NZVI poses a better adsorption capacity, compared with the capacity of other adsorbents applied in previous research.
The observed differences in the adsorption capacities for the listed adsorbents can be due to the structure, surface area and the properties of the functional groups in each adsorbent. As presented in Table 3 
As can be seen from Figure 5 , the adsorption percentages of Cd 2þ by CS@NZVI slightly dropped from 99.8% to 83.9%. This suggests that the CS@NZVI can be reused for at least three successive cycles while maintaining high adsorption efficiency. As implied in Figure 5 , however, the desorption percentage of DI-water is very low for all studied cycles. This means that DI-water is not suitable to be used as a desorbent solution for the regeneration of CS@NZVI loaded with Cd 2þ ions. It seems that some desorbent solutions such as HCl, NaCl, NaOH and methanol could provide a good potential for regeneration of CS@NZVI.
CONCLUSIONS
Results revealed that CS@NZVI has a high potential and adsorption capacity for Cd 2þ ion removal from aqueous solutions. At a pH of 7 ± 0.2, the adsorption efficiency was enhanced by an increase in the contact time and adsorbent dosage and a decrease in the initial Cd 2þ concentration. The equilibrium adsorption data were found to fit best using a Freundlich isotherm and pseudo-second-order kinetic models. The maximum adsorption capacity obtained was 
